would be strengthened. Still, apart from the roughly one-sixth of the NEA population thought to be binary systems (28), measuring the strength of the Yarkovsky acceleration offers the only means of estimating the masses of sub-kilometer NEAs from Earth-based observations.
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O in and out of Clouds Map Dehydration Pathways
Christopher R. Webster 1* and Andrew J. Heymsfield 2 Water isotope ratios have been measured by laser absorption spectroscopy in and out of cirrus clouds formed in situ and convectively generated in anvils over subtropical regions. Water vapor in the tropical and subtropical upper troposphere shows a wide range of isotopic depletion not observed previously. The range suggests that dehydration of upper tropospheric air occurs both by convective dehydration and by gradual dehydration mechanisms. Twenty-five percent of upper tropospheric water sampled is in ice particles whose isotopic signatures are used to identify those grown in situ from those lofted from below.
Tropospheric water vapor is the most important greenhouse gas and a key component of the climate system (1). In the upper troposphere (UT) and lower stratosphere (LS), water vapor, liquid clouds, and ice particles substantially affect the radiation balance, atmospheric circulation, and chemistry (2) . Cirrus clouds in particular affect UT water ice and vapor content, which global climate models indicate have large effects on Earth's radiative balance (3) (4) (5) , especially in the dry subtropical UT (6) . Understanding the sources and sinks of water in the UT and LS and the mechanism of stratospheric dehydration is one of the important remaining challenges in Earth science, because water vapor feedback mechanisms can increase ozone depletion (7) and lead to stratospheric cooling (8) . A doubling in stratospheric humidity over the last half century has been reported (9), despite decreasing tropical tropopause temperatures (10) .
The extent to which the humidity of air transported from the troposphere into the stratosphere is controlled by tropopause minimum temperatures, cloud microphysics and convection, and mixing of air between high and low latitudes is not fully understood. The water vapor content of air entering the LS [3 to 4.1 parts per million volume (ppmv) (11) ] is lower than the ice saturation mixing ratio (ϳ4.5 ppmv) that would be determined by freeze-drying at the global mean tropopause temperature. Although there is consensus that dehydration occurs principally in the tropical tropopause layer (TTL) [covering the altitude range from ϳ13 to 19 km (12, 13)], two competing mechanisms have been proposed: "convective dehydration" and "gradual dehy-dration" (13) . Convective dehydration results from rising air masses overshooting their level of neutral buoyancy (LNB) to become severely dehydrated (Յ1 ppmv by condensation and fallout) before mixing (14-18) with moister air. In gradual dehydration (13, (19) (20) (21) , air detrains from convection near its LNB at the bottom of the TTL and becomes dehydrated during slow ascent through regions that have temperatures below the tropopause global average temperature. This "cold trap" region need not be the local tropopause for a sampled air parcel, because time scales for horizontal versus vertical transport allow air parcels to "visit" far away cold pools such as that of the tropical Western Pacific (13) .
Water vapor has a long lifetime (22) , has an observed seasonal cycle (19, 23) , and is a good tracer of atmospheric transport. Its stable isotopes, especially HDO and H 2 18 O compared with H 2 16 O, suffer large fractionations in an air parcel [expressed as delta-D (␦D) and delta-18 O (␦ 18 O) (24) , respectively] as a result of condensation and sedimentation (25) . Since the first tropospheric (26) and stratospheric (27) HDO measurements, subsequent studies (28) (29) (30) (31) (32) (33) have recognized that water isotope fractionation is, in principle, a sensitive tracer for diagnosing transport and dehydration mechanisms.
Gradual dehydration is expected to follow Rayleigh distillation (34) in which all condensate is removed during adiabatic cooling. In this case, the vertical profile of ␦D for atmospheric water vapor is expected to begin at ϳ-86 per mil (‰) above the ocean [standard mean ocean water (SMOW) is 0‰ (35) ] and reduce monotonically to ϳ-950‰ at the coldest tropopause. Few in situ measurements exist, particularly in tropical regions. Before the work presented here, such low values were usually not observed [except -837 Ϯ 100‰ (36) in the polar vortex, and -810 Ϯ 213‰ in the UT over Texas (37) ]. At mid-and low-latitudes, UT values down to -670‰ have been reported (38) .
The TTL region (39) is the best region for discriminating between dehydration mechanisms, because air passes through the TTL to enter the LS (fig. S1). From ATMOS stratospheric data that lacked ice observations, Moyer et al. (30) speculated that "ice lofting" (15) was responsible for the observed relative enrichment of stratospheric water vapor to ␦D of -670‰. Extending this same data set down into the UT, Kuang et al. (40) reported a near-constant value of ␦D ϭ -648 Ϯ 40‰ for water vapor from the tropical tropopause at 16.5 km down to ϳ13 km, a result reproduced by modeling (41) based on dehydration by convective processes.
For the Cirrus Regional Study of Tropical Anvils and Cirrus Layers Florida Area Cirrus Experiment [CRYSTAL-FACE, or C-F (24)] water isotopes were measured on the WB-57 aircraft by the Aircraft Laser Infrared Absorption Spectrometer (ALIAS) (42), a high-resolution tunable laser absorption spectrometer (24) that samples total water content of the atmosphere with an isokinetic, heated inlet. Calibration is discussed elsewhere (table S2) . Water isotope mixing ratios were recorded on nine flights from 7 through 29 July 2002, and H 2 17 O data were recorded (24) only on 16 and 28 July. In Fig. 1 , we present all the data with climb out values removed (24) . As a rule, ␦D and ␦ 18 O values show poor correlation with pressure and temperature, but tighter correlation with total water amount (figs. S3 and S4). We distinguish data associated with clouds by the difference between the total water (vapor, liquid, ice) mixing ratio, (H 2 O) tot , and the vapor-only mixing ratio, (H 2 O) vap , both measured during flights by the Harvard University instrument (43) . The percentage of ice contributing to the measured isotope ratio is calculated by [((H 2 O) tot -(H 2 O) vap )/ (H 2 O) tot ] ϫ 100%. Our ability to identify ice crystals in the vicinity of the tropopause is determined by the above criterion and supporting simultaneous observations (43) (table S1) that include measurements from particle size spectrometers, cloud radar, ground radar daily mapping cirrus overpass, and detailed flight reports (24) .
Most flights were in subtropical air near convective systems. A subset of data in the TTL region is selected according to three qualifying criteria: altitude between 13 and 17 km, potential temperature (43) Ͼ355 K, and the NOy/O 3 ratio ϫ 10 -3 Ͻ 2.0, where NOy ϭ NO ϩ NO 2 ϩ HNO 3 (44) . All nine flights have contributing points to Fig. 2 , especially the southern flights (9 and 26 July) that reached latitudes as low as 12°to 13°N off the east coast of Nicaragua, with tropopause heights varying from 13.9 to 15.5 km (43) . Near the southern end of the 9 July flight, cold (-72°C) tropical cirrus was sampled (Fig. 3A) . Two strong cloud layers were observed (ϳ120 mbar, ϳ15 km, 16°N latitude) that had originated in the lower troposphere as identified from low O 3 and high CO values (43) . The ER-2 aircraft cloud radar flying directly overhead confirmed that the cloud layers were deep-convectively generated (24) , consistent with the observed high ␦D and ␦ 18 O values (ϳ0‰) during these encounters, compared with the low values (-600‰, -150‰) of the surrounding water vapor, indicating that these particles were lofted from below. In contrast, Fig.  3B shows thin (ϳ2 km) subvisual cirrus clouds sampled on 13 July above and below a very cold Fig. 1 . ␦D intercomparison using unfiltered data (20 s averaged) from all nine flights versus distance from the tropopause (A) and versus total water (B). Tropopause location is from microwave temperature profiler (MTP) instrument (43) that identifies the thermal tropopause. The ATMOS (30, 31, 40) and FIRS-2 (17, 50) stratospheric data lie on top of each other. Tropospheric data are included (37, 38, 51) . The Rayleigh curves are from (17) , and the retained condensate curve is from (30) . A similar plot is obtained for ␦ 18 O data. (195 K) tropopause near 14.8 km. Persistent and growing contrails and measurements (43) of ice supersaturation signified the presence of an en-vironment suitable for in situ formation and growth of ice particles. Despite the relatively large change in total water mixing ratio, mea-sured ␦D and ␦ 18 O during transit through the cirrus showed little, if any, change (Fig. 3B ). The thin cirrus carries an isotopic signature (up to 60% is ice) of its surrounding water vapor and, therefore, was not residual, lofted ice, but was formed in situ in air previously dehydrated.
For weather prediction and radiative transfer models, it is important to reliably parameterize ice particle size distributions (PSD) that have a large impact on convective cloud dynamics, notably hurricane dynamics. Small particles dominate cold cirrus clouds formed in situ, whereas large particles formed lower down at warmer temperatures are often lifted through deep convection into the UT to produce anvil cirrus (45) . We have used PSDs (0.3 m to ϳ3 mm) (24, 46) to determine the slope of the change in particle concentration per unit change of size. For most data, values versus temperature (Fig.  3C) show a wide range, but a clear signal emerges when data are segregated by their isotopic content. Large values (Ͼ100 cm -1 ) represent primarily in situ small particle generation, with ␦ D ՅϪ150‰. Small values (Ͻ50 cm -1 ) suggest large near-surface condensate, transported to upper levels by deep convection, with corresponding ␦DՅϪ150‰. Convection evidently generates appreciably lower values (than in situ) of at a given temperature in the UT, as also found in measurements (47) from a tropical convection case. Figure 3D shows values changing from ϳ100 cm -1 outside to ϳ40 cm -1 inside the core region of a convective system ( fig. S5) , with a high transition at the core edge which suggests that air entrained from the upper levels of the storm was carried downward and then into the updraft (48) . Large particles transported up to high altitudes (Fig. 3D) can play a role in the desiccation of the UT through diffusional growth and subsequent transport of moisture downward to lower altitudes. Stratospheric data are identified and selected using simultaneously measured ozone values (43) that exceed 250 parts per billion volume (ppbv) ( Table 1, table S1 ). Our mean stratospheric value of ␦D agrees well with those of ATMOS and FIRS-2, but unlike these remote sensing measurements shows a wide range of values. Our mean value for ␦ 18 O is significantly higher than that of FIRS-2.
In the lower troposphere, we attribute the observed (Fig. 1 ) departure from the Rayleigh curve (24) for both vapor and condensate to conditions prevailing during the mission, namely deep or strong convection events for which the gradual ascent Rayleigh result is not expected. In the UT, our data ( Table 2) show that (i) convective processes loft to within 3 km of the tropopause ice crystals that are isotopically enriched (mean ␦D ice ϭ -130‰; mean ␦ 18 O ice ϭ -42‰); and (ii) this region also contains water vapor with a wide range of delta values (Fig. 2 , Table 2 ).
Next, we assessed the extent to which lofted ice (24) contributes to the hydration of the UT over Florida. From the sum of ice and vapor contributions to total water, we calculate that the UT region sampled (top 3 km) had ϳ25% of its total water mixing ratio in ice. Locally, ice mixing ratios can be orders of magnitude higher than that of the vapor (Fig. 3A) . Although, in supersaturated air, lofted ice will not be able to vaporize and contribute to hydrating the UT, analysis of our UT data set shows that the environment for evaporation exists (49) . Regarding stratospheric air, if 22% of the UT water vapor mixing ratio came from evaporation of ice (␦D ϭ -130‰, ␦ 18 O ϭ -42‰), then mixing with 78% of water vapor (e.g., with ␦D ϭ -800‰, ␦ 18 O ϭ -270‰) from gradual ascent would produce a value (␦D ϭ -653‰, ␦ 18 O ϭ -220‰) close to that observed in the LS.
␦D measurements in the TTL (Fig. 2 ) also show that ice with a wide range of deuterium content (␦D ϳ0 to -900‰) is lofted into the lower half of the TTL, right up to the tropopause itself. Water vapor is also seen to show a wide range in isotopic values. At the upper end of the TTL, a narrower range of ␦D (mean ϳ-620‰) is seen entering the stratosphere. This value is very close to the mean value of -626‰ ob-served for all TTL data of Fig. 2 , both values significantly lower than the mean value observed (-194‰) for ice in the TTL.
Modeling studies (41) that champion convective dehydration are unable to reproduce our observed variability in fractionation but are able to reproduce the "constant ␦D" profile of ATMOS (40) throughout the TTL no matter what values are chosen for either the retained ice/vapor ratio or the isotopic composition of ice. This model reproduces the ATMOS profile exactly by assuming a mean ␦D ice ϭ -565‰, different from our directly measured TTL value of -194‰. Unlike our study, ATMOS data do not show a range of values because of their coarse resolution (2 km vertical, 200 km horizontal). If we degrade our in situ data, binning with altitude and averaging, a near-constant profile ( Fig. 2) can be produced.
In addition to the variability, an important difference between our data and that of ATMOS is our observation of many data points near the Rayleigh curve, a result that cannot be reproduced in the convective model (41) , but one expected from gradual ascent with condensation. Indeed, it is tempting to assign data beyond the Rayleigh limit ( Fig. 1) as evidence that these air parcels had previously seen temperatures below their local temperatures, consistent with the concept of cold pool visitation (13) or entrainment of dry air from above.
Our data provide direct evidence of the role of ice lofting in establishing the water content of the UT and show that the stratospheric values of ␦D and ␦ 18 O result from the mixing within the TTL of air with a wide range of isotopic values. Air transported into the stratosphere through the TTL is, therefore, dehydrated through a mixture of convective dehydration and dehydration by condensation accompanying gradual ascent.
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